Protein kinases have long been prime targets for cancer therapy due to their central importance in controlling cellular growth pathways^[@R1]^. Today, numerous ATP-competitive kinase inhibitors are available that inhibit mutated or overexpressed kinases responsible for driving oncogenic signaling. The prototypical example, imatinib, targets BCR-Abl, a constitutively active form of the Abl tyrosine kinase that causes chronic myeloid leukemia (CML), and has transformed the treatment of this disease^[@R2]^.

Because of significant sequence conservation within the kinase ATP-binding site^[@R3]^, kinase inhibitors tend to have limited target specificity. Off-target effects can in some cases be beneficial, such as in the case of imatinib's activity towards c-Kit, which contributes to the efficacy of the drug in CML^[@R4]^ and provides an effective treatment for gastrointestinal stromal tumors^[@R5]^. Nonetheless, kinase inhibitors with improved selectivity are in great demand, both as new cancer therapeutics with reduced toxicity, and as tools for studying signaling pathways^[@R6]^. Kinase inhibitors are now routinely profiled against the kinome (all \~500 human kinases), revealing that each compound has a unique and highly unpredictable target spectrum^[@R7]^. Understanding the origin of these complex patterns in terms of molecular mechanism is an important goal that would enhance the use of existing inhibitors and greatly benefit the process of inhibitor development.

Some kinase inhibitors obtain selectivity by recognizing particular inactive conformations favored by certain kinases^[@R8]^. Type II inhibitors, typified by imatinib, specifically recognize an inactive conformation in which a catalytically important Asp-Phe-Gly (DFG) motif is rotated by \~180° with respect to the active conformation (referred to as DFG-Out, in contrast to the active DFG-In conformation)^[@R9]^. The more numerous type I inhibitors bind to the DFG-In conformation, shared by all active kinases, and are usually less selective than type II inhibitors. An example is the 2^nd^ generation BCR-Abl inhibitor bosutinib, developed to combat clinical resistance to imatinib in CML patients^[@R10]^, which also displays activity towards the Src-family kinases that is exploited in the treatment of other cancers^[@R11]^.

As with other kinase inhibitors, a single residue in the ATP-binding site, called the gatekeeper, appears to play an important role in determining bosutinib's target profile^[@R12],[@R13]^. The general importance of the gatekeeper is underscored by the fact that patients undergoing kinase inhibitor therapy frequently develop clinical resistance mediated by mutations at this position^[@R12],[@R14]^. It is often argued that the gatekeeper exerts control over inhibitor binding by restricting access to a pocket deep inside the ATP-binding site, and compounds that extend into this region do tend to be selective for kinases with small gatekeeper residues^[@R15]^. However, while bosutinib is selective for threonine gatekeeper kinases^[@R16]^, and is ineffective against the common T315I gatekeeper mutation of BCR-Abl^[@R17]^, the structure of the drug bound to Abl revealed a cavity adjacent to the gatekeeper with ample room to accommodate larger gatekeeper residues^[@R18]^. The inability of a simple steric model to explain the preference for a threonine gatekeeper suggests that this residue may be mediating its effects through an as yet undiscovered mechanism. While pursuing this observation we discovered that most type I inhibitors leave a similar cavity next to the gatekeeper, that two structured water molecules typically occupy this space, and that these molecules form a network of hydrogen bonds in which the bound inhibitor often participates. Here we report a novel mechanism that explains bosutinib's target spectrum in which the gatekeeper residue controls access of the drug to this conserved water-mediated hydrogen bond network.

RESULTS {#S1}
=======

Bosutinib forms a water-mediated interaction with Src {#S2}
-----------------------------------------------------

Type I inhibitors are usually visualized in crystal structures bound to the active DFG-In conformation, but in our structure of bosutinib bound to Abl the kinase is in the inactive DFG-Out conformation^[@R18]^. This was attributed to the propensity of Abl to adopt the DFG-Out conformation at the low pH value of the crystallization condition^[@R19]^, and complicated the analysis of the kinase/drug interaction. To see how the drug interacts with an active kinase we determined the x-ray structure of the drug bound to Src to 2.1 angstroms ([Supplementary Results](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD2){ref-type="supplementary-material"}). The overall binding mode is very similar to that observed in the Abl/bosutinib structure, but the kinase is in the active, DFG-In conformation ([Fig. 1a and 1b](#F1){ref-type="fig"}). As seen in the Abl structure, the drug is in van der Waals contact with the gatekeeper, but leaves a sizeable cavity directly adjacent it ([Fig. 1b](#F1){ref-type="fig"}). The active conformation of the DFG motif, which forms the floor of this cavity, positions the backbone NH groups of the DFG Asp and Phe residues pointing into the cavity, where they serve to anchor two ordered water molecules, referred to as W1 and W2, respectively ([Fig. 1c](#F1){ref-type="fig"}). The nitrile group of the drug points into the cavity, where it forms a hydrogen bond with water molecule W1 ([Fig. 1c](#F1){ref-type="fig"}). This water-mediated interaction is one of only two hydrogen bonds formed by the drug; the other is an interaction with the kinase hinge region, a feature shared with most kinase inhibitors.

Interestingly, we found that the water molecules W1 and W2 observed in the Src/bosutinib structure are conserved in many structures of active kinases bound to nucleotides^[@R20]--[@R23]^. These water molecules form hydrogen bond networks linking the nucleotide α-phosphate, as opposed to the bosutinib nitrile, to a conserved, catalytically important, glutamate residue (Glu 310 in Src, chicken c-Src numbering), which projects into the active site from helix αC of the kinase ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). The precise positioning of helix αC is critical for productive catalysis^[@R24]^, and the water-mediated hydrogen bond network may contribute to kinase regulation by coupling the position of helix αC, the active conformation of the DFG motif, and the position of the nucleotide phosphates.

The prevalence of kinase inhibitor/W1 hydrogen bonds {#S3}
----------------------------------------------------

Given the conservation of W1 and W2 in active kinase structures, we speculated that other type I inhibitors might recognize these water molecules in a similar manner to bosutinib. To quantify the frequency with which this occurs we used the web-based program PDBeMotif^[@R25]^ to search the protein databank for type I inhibitor complexes by constraining the backbone torsion angles of the DFG motif to the DFG-In conformation. Of 968 active kinase structures identified in our search, 630 contained non-nucleotide ligands in the ATP-binding site. In the vast majority of these structures the ligand does not extend into the water-filled cavity, and both water molecules W1 and W2 are commonly observed ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). For structures determined to better than 2 Å, W1 is seen in \~75% and W2 in \~60% of cases. We found that hydrogen bonds between W1 and a donor or acceptor on the ligand are in fact very common (seen in the majority of structures where W1 is present), while interactions with W2 are found in \~5% of cases.

All together, examples of a ligand engaging W1 encompass a significant pool of 40 different kinases and 164 different ligands spanning a broad range of chemical space, many of which are potent type I inhibitors in clinical or preclinical development ([Supplementary Data Set](#SD1){ref-type="supplementary-material"})^[@R26]--[@R31]^. The ligand/W1 hydrogen bonds possess a length distribution typical of water-mediated hydrogen bonds ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"})^[@R32]^, and the interactions appear to be highly adaptable to the requirements of the ligand, as seen by the wide range of angles from which hydrogen bonding groups of the ligand approach W1 ([Fig. 1d](#F1){ref-type="fig"}). One surprising example is the complex of Syk kinase with imatinib, in which the drug adopts a DFG-In binding mode that is distinct from the DFG-Out binding mode employed when binding to Abl and other high affinity imatinib targets^[@R33]^. Thus bosutinib's engagement in the water-mediated hydrogen bond network is representative of a widespread feature of type I kinase inhibitors that distinguishes them from type II inhibitors, and to our knowledge, has not been previously noted. As described in the following, bosutinib provides a unique and highly local spectroscopic reporter of the presence or absence of a hydrogen bond to W1.

The bosutinib nitrile probes its interaction with W1 {#S4}
----------------------------------------------------

Water-mediated hydrogen bonds are a common feature of protein/ligand interactions^[@R34]^, but their importance for kinase inhibitor recognition has not been broadly established. We wondered whether the ability of a given inhibitor to engage the W1 water molecule might depend on the nature of the amino acid sidechains that line the water-filled cavity, and in particular on the gatekeeper residue, which is in van der Waals contact with W1 in the majority of the complexes discussed above ([Fig. 1d](#F1){ref-type="fig"}). However, unlike the direct interaction between a ligand and an amino acid sidechain, the indirect nature of water-mediated hydrogen bonds makes it challenging to predict how they will be affected by nearby substitutions. In the case of bosutinib, the nitrile group of the drug fortuitously provides a facile experimental readout of its participation in the hydrogen bond network, since the stretching vibrations of nitriles appear in a background-free region of the infrared (IR) spectrum and exhibit pronounced blue-shifts (shifts to higher frequency) in response to hydrogen bonding^[@R35],[@R36]^. We exploited this to investigate how nearby residue substitutions modulate the engagement of the bosutinib nitrile in the hydrogen bond network.

We used Src to generate a set of active site chimeras carrying substitutions in the ATP-binding site that mimic a diverse set of kinases. Substitutions were chosen by consulting a sequence alignment of the human kinome to determine the residues found at the cavity-lining positions, and we made mutations covering most of this sequence variation, including 9 residues at the gatekeeper position ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The absorbance bands corresponding to the bosutinib nitrile probe are spread across a frequency range of 13 cm^−1^ in the IR spectra of this set of Src mutants, comparable to the largest frequency shifts seen for nitriles across protic and aprotic chemical solvents ([Supplementary Table 2](#SD2){ref-type="supplementary-material"})^[@R35]^. This strongly suggests that the probe's hydrogen bond status differs in the different mutants. Substitutions of the gatekeeper (T338) and one other position (A403) have the largest effect on the probe, producing red-shifts (shifts to lower frequency) as large as 11 cm^−1^, while substitutions at the two other positions result in considerably smaller shifts ([Fig. 2a and 2b](#F2){ref-type="fig"}, [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}).

To verify that these pronounced frequency shifts of the probe report on the loss of the hydrogen bond to W1, we solved x-ray structures of bosutinib bound to Src bearing mutations at either T338 or A403. Methionine is the most common gatekeeper residue in human kinases, but the T338M mutant of Src yielded small crystals that diffracted x-rays poorly. However, when the T338M mutation was combined with the M314L substitution of another cavity-lining residue, which is found in most methionine gatekeeper kinases, larger crystals were obtained that diffracted well. We also determined the structure of the Src A403T mutant, which produces the largest red-shift of the probe among substitutions at this position ([Fig. 2b](#F2){ref-type="fig"}). Both structures, which were obtained in the same crystal form as WT Src, and are very similar in overall conformation, were determined to 2.6 Å resolution ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}).

In the T338M/M314L structure, a slight closure of the N- and C-terminal lobes of the kinase domain is observed, concomitant with a rotation of the aniline ring of bosutinib, which is wedged between the two lobes. This results in improved packing of the aniline ring against the hydrophobic methionine gatekeeper, but the 4-chloro group on the aniline ring occludes the binding sites for both water molecules, and the nitrile group of the drug is consequently not hydrogen bonded ([Fig. 2c](#F2){ref-type="fig"}). In the Src A403T structure, the A403T sidechain hydroxyl directly occludes the binding site of W1, but is itself too far from the nitrile (3.5 angstroms) to form its own hydrogen bond ([Fig. 2d](#F2){ref-type="fig"}). These structures confirm that substitutions of the gatekeeper and A403 can interfere with the access of bosutinib to the hydrogen bond network, and that the nitrile probe faithfully reports on this process.

Loss of the bosutinib/W1 interaction weakens binding {#S5}
----------------------------------------------------

To test whether the participation of the drug in the hydrogen bond network affects binding we measured the dissociation constants of bosutinib for all Src mutants using a fluorescence assay^[@R18]^ ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}, [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). Substitutions that produce pronounced red-shifts of the probe do typically result in weaker binding. For instance, the T338M/M314L double mutant, which produces a 10 cm^−1^ red-shift of the probe, results in a 30-fold reduction in binding affinity compared to WT Src ([Fig. 2c](#F2){ref-type="fig"}, inset), whereas the A403T mutation produces a 6 cm^−1^ red-shift accompanied by a 40-fold reduction in binding affinity ([Fig. 2d](#F2){ref-type="fig"}, inset).

For individual substitutions an assessment of the energetic contribution of the hydrogen bond is confounded by other energetic factors. However, the large shifts in probe frequency report primarily on hydrogen bonding, and so by correlating binding with hydrogen bonding for a large number of mutants other energetic factors should be averaged out. This is apparent when the binding affinity is plotted as a function of the probe vibrational frequency for all mutants ([Fig. 2e](#F2){ref-type="fig"}), which clusters the mutants into two groups: a tight binding group in which the drug is engaged in the hydrogen bond network (highlighted in blue) and a weak binding group in which the nitrile/W1 hydrogen bond is lost (highlighted in red). On average, participation in the hydrogen bond network is associated with a \~25 fold increase in affinity, corresponding to a significant energetic contribution of \~2 kcal/mol.

A surface representation of the cavity is shown in [Fig 3a](#F3){ref-type="fig"}, colored as in [Fig 2e](#F2){ref-type="fig"} according to how substitutions affect the water-mediated interaction with bosutinib. Since the mutants highlighted in red in [Fig. 2e](#F2){ref-type="fig"} possess substitutions only at positions T338 and A403, these positions appear to have exclusive control. Interestingly, the A403 position has been previously implicated in controlling selectivity of the kinase inhibitor PP1^[@R37]^. While substitutions of the other two cavity-lining positions (M314 and V323) do not disrupt hydrogen bonding, the V323L mutation, which is associated with resistance to kinase inhibitors including bosutinib^[@R17]^, does weaken bosutinib binding considerably and constitutes an outlying data point in [Fig. 2e](#F2){ref-type="fig"}.

The gatekeeper's control over the hydrogen bond network is remarkably stringent, with only threonine and serine permitting bosutinib access, and even valine not being tolerated (in contrast, of five amino acids tested at the A403 position, only threonine blocked the hydrogen bond). Rather than merely occupying the cavity and perturbing W1, our structure of the Src T338M/M314L mutant shows that bulky gatekeeper substitutions can block access by inducing changes in bosutinib's binding mode. The structure of bosutinib bound to WT Src suggests that a similar mechanism may apply even to the conservative threonine to valine substitution. In this structure the sidechain of T338 is tightly wedged between the nitrile group of the drug and the backbone carbonyl of the next residue (E339 in the kinase hinge region), with which it forms a hydrogen bond, and the T338V substitution would consequently create a steric clash with the carbonyl. Presumably a significant conformational change results, and is propagated to the neighboring hydrogen bond network ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}).

Effects of sequence variation across divergent kinases {#S6}
------------------------------------------------------

The mutational analysis above was limited to the residues lining the water-filled cavity, but when bosutinib is bound to divergent kinases more distant substitutions might also influence the hydrogen bond network. To test this, we measured the IR spectra of bosutinib bound to divergent kinases from three different families (p38α, EGFR and PKA), each of which differs from Src at one or more of the cavity-lining positions. We also measured IR spectra of the drug bound to chimeric Src proteins in which the amino acids that line the water-filled cavity were mutated to match those of the other kinases. Strikingly, in each case, the nitrile probe reports an almost identical environment in the chimera and in the kinase it is intended to mimic ([Fig. 3b--d](#F3){ref-type="fig"}). Among the kinases tested, PKA exhibits the greatest difference in the probe frequency compared to Src: an 11 cm^−1^ red-shift, indicating that the probe's hydrogen bond to W1 is lost in PKA. Although the proteins share only \~25% sequence identity, three substitutions in Src are sufficient to block hydrogen bonding and perfectly reproduce the chemical environment seen in PKA, as probed by the nitrile ([Fig. 3d](#F3){ref-type="fig"}). Conversely, a PKA mutant bearing the Src cavity-lining residues restores the hydrogen bond and reproduces the chemical environment seen in Src ([Fig. 3d](#F3){ref-type="fig"}). We conclude that the environment sensed by the probe is almost completely determined by the residues that line the water-filled cavity, and that these residues are therefore generally predictive of the status of the hydrogen bond network, even in highly divergent kinases.

Rationalizing bosutinib's selectivity profile {#S7}
---------------------------------------------

The above results indicate that only kinases possessing a threonine or serine gatekeeper and *lacking* the A403T substitution are compatible with bosutinib's participation in the hydrogen bond network. Strikingly, this observation accounts quite well for the selectivity of bosutinib across the human kinome, as most kinases that meet these criteria (referred to here as compatible kinases) bind bosutinib well, and most incompatible kinases do not ([Fig. 4a](#F4){ref-type="fig"}). Note that the lack of bosutinib activity towards the TKL kinases is explained by the prevalence of the V323L substitution in this family, which, as noted above, interferes with bosutinib binding without compromising the hydrogen bond network.

The impact of the hydrogen bond network is even more apparent when considering the selectivity of bosutinib within kinase subfamilies ([Fig. 4a,b](#F4){ref-type="fig"}, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). Using the comprehensive bosutinib binding data from reference [@R16], we found that, almost without exception, across 11 different kinase subfamilies those family members possessing compatible ATP-binding sites bind better than their incompatible family members by factors ranging from 10--1000 ([Fig. 4b](#F4){ref-type="fig"}).

To confirm that the hydrogen bond network is responsible for this subfamily selectivity we verified the hydrogen bond status in compatible and incompatible members of two kinase subfamilies, the TEC-family and the EGFR family. The TEC-family tyrosine kinases mostly possess threonine gatekeepers, and are targeted by bosutinib, with the notable exception of Itk, which has a phenylalanine gatekeeper. IR spectra of bosutinib bound to purified Btk and Itk confirm that the drug is engaged in the hydrogen bond network in Btk, but not in Itk ([Fig. 4c](#F4){ref-type="fig"}). The EGFR family kinases all have threonine gatekeepers, but Her3 is one of the tightest bosutinib binders detected in ref [@R16], while the other EGFR family members bind bosutinib more weakly. This is accounted for by the fact that Her3 has an alanine residue at the position equivalent to A403 in Src, while the other three EGFR family kinases instead have a threonine at this position. IR spectra of bosutinib bound to purified Her3 and EGFR show that the nitrile is indeed hydrogen bonded in Her3 but not in EGFR ([Fig. 4d](#F4){ref-type="fig"}), confirming that the A403 position also plays a role in bosutinib's kinase selectivity (76 kinases possess a threonine at this position).

Interestingly, the disruption of the hydrogen bond network by the conservative Thr to Val gatekeeper substitution is also reflected in the selectivity profile, as bosutinib targets most Ephrin receptors (which have threonine gatekeepers), but not EphA6 and EphA7, which have valine and isoleucine gatekeepers, respectively ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). Bosutinib is also selective for the threonine-gatekeeper platelet derived growth factor receptor family (with the exception of Flt3, which has a phenylalanine gatekeeper) compared to the closely related FGFR and VEGFR families, which have valine gatekeepers ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

These observations underscore the importance of the gatekeeper for bosutinib selectivity, with the A403 position playing a significant but secondary role. Although the importance of the gatekeeper has long been recognized, the steric mechanism usually invoked is unsatisfactory for the large number of inhibitors that, like bosutinib, leave a large cavity next to the gatekeeper. We have shown that the gatekeeper can nonetheless exert influence in such cases by controlling an inhibitor's access to structured water molecules occupying the cavity. It is tempting to speculate that this mechanism applies generally to inhibitors that engage these conserved water molecules, but it is important to note that the precise constraints imposed on the ATP-binding site likely differ for each inhibitor. This is highlighted by contrasting results obtained using an isomer of bosutinib that differs only in the positions of the three substituents on the aniline ring. Authentic bosutinib and the bosutinib isomer have similar binding modes^[@R18]^, and their nitrile groups can both participate in the hydrogen bond network. However, we were surprised to find that the valine and isoleucine gatekeeper substitutions do *not* disrupt the hydrogen bond to W1 in the case of the bosutinib isomer ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}). This is supported by the x-ray structure of the isomer bound to the isoleucine gatekeeper kinase LOK (pdb code 4BC6), in which the hydrogen bond to W1 is observed ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}). The T338I substitution consequently has a much more severe effect on binding for authentic bosutinib than for the isomer ([Supplementary Fig. 7c](#SD1){ref-type="supplementary-material"}), underscoring that the water-mediated hydrogen bond network confers distinct selectivity properties on these similar molecules, and that the isomer may retain some activity against the bosutinib-resistant T315I gatekeeper mutation of BCR-Abl^[@R17]^.

DISCUSSION {#S8}
==========

In the light of our results with bosutinib it is interesting to consider the behavior of the chemically related 4-anilinoquinazoline inhibitors. While bosutinib does not target EGFR, which we attribute to the presence of the A403T substitution, the 4-anilinoquinazolines in fact include several high affinity inhibitors of EGFR. The carbonitrile group found in bosutinib is replaced by a heterocyclic nitrogen atom in these inhibitors (referred to as N3), and when they are bound to EGFR an ordered water molecule (which we refer to as W3 to distinguish it from W1 and W2) forms a hydrogen bond network that bridges the N3 atom of the inhibitor and the threonine gatekeeper^[@R38]^. Although W3 occupies a very similar position to the bosutinib nitrile, being less constrained it is nonetheless capable of forming a direct hydrogen bond to the threonine sidechain equivalent to A403T, thereby facilitating the targeting of EGFR by 4-anilinoquinazolines^[@R39],[@R40]^ ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). The structure of the 4-anilinoquinazoline inhibitor saracatinib bound to Src shows that these compounds can also employ W3 as a bridge to W1, in cases where the latter is present^[@R41]^.

The structure of the Src A403T mutant indicated that the threonine sidechain directly interferes with the binding site for W1. Interestingly, our analysis of the protein databank uncovered several examples where an inhibitor forms a direct hydrogen bond to W1 even in the presence of a threonine at this position. In these cases, W1 shifts over slightly, simultaneously accommodating the threonine sidechain and forming a hydrogen bond to the inhibitor ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). Such a shift is not possible in the case of bosutinib as it would cause a clash with the aniline ring. We speculate that inhibitors that exploit this shifted positioning of W1 may be selective for kinases possessing the A403T substitution.

While structured water molecules are commonly observed participating in hydrogen bonding interactions in ligand/receptor interfaces^[@R42]^, the energetic significance of these interactions and their importance for selectivity have been difficult to establish. Our work highlights that the optimal engagement of such interactions depends in an unpredictable fashion on many interconnected factors, including the identity of nearby amino acids, and the chemical structure and binding mode of the ligand. The approach we have taken of exploiting intrinsic IR probes on the ligand is highly effective at dissecting these factors. In this context we note that the majority of type I kinase inhibitors that engage the conserved waters in the kinase active site use a carbonyl moiety to do so, and that our group has recently shown that with careful background subtraction specific carbonyl vibrations can be readily detected in proteins^[@R43]^. A key result of our work is the demonstration that these water-mediated interactions can make a critical contribution to an inhibitor's ability to distinguish between receptor subtypes, suggesting that greater attention to structured water molecules in drug design may yield inhibitors with improved or altered selectivity properties.

Online Methods {#S9}
==============

Expression and purification of Src WT and mutants {#S10}
-------------------------------------------------

WT and mutant Src kinase domain constructs (residues 251-533, chicken c-Src numbering, with an N-terminal hexahistidine tag) were coexpressed in E.coli BL21 DE3 with YOP phosphatase at 18 °C overnight^[@R44]^. Cell pellets were resuspended in Ni buffer A (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 35 mM imidazole) lysed with a cell disrupter, and lysates subjected to centrifugation at 15000 rpm for 30 minutes. Cleared lysates were loaded on Ni NTA columns (GE healthcare), the columns were washed with Ni buffer A, and samples eluted with Ni buffer B (50 mM Tris-HCl pH 8.0, 500 mM imidazole). For protein intended for crystallization the samples were digested overnight with TurboTev protease (Eton Bioscience), in order to remove the N-terminal hexahistidine tags, whereas the samples for IR and fluorescence proceeded directly to the anion exchange step. Samples were desalted into Q buffer A (50 mM Tris-HCl pH 8.0, 10% glycerol, 1mM DTT), loaded on HiTrap Q anion exchange columns (GE Healthcare) and eluted with a 20 column volume gradient from 0% to 100% Q buffer B (50 mM Tris-HCl pH 8.0, 1M NaCl, 10% glycerol, 1mM DTT). The identity of each mutant was confirmed by DNA sequencing combined with mass spectrometry of the purified proteins, and the catalytic activity of most mutants was confirmed with kinase assays ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}).

In addition to the 30 single ATP-binding site mutants, the following compound mutants were prepared. The T338M gatekeeper mutation was combined with M314L (tandem substitutions found in 101 human kinases), V323T (18 kinases), A403C/S/T (16/27/34 kinases), A403T+V323T (4 kinases), and M314L+A403T (20 kinases). The T338M M314L A403T triple mutant served as a mimic of PKA, and the V323C A403T double mutant was made as a mimic of EGFR. The single mutations M314L and T338F served as the mimics of p38 and Itk, respectively.

Preparation of other kinases {#S11}
----------------------------

Murine Btk and Itk (residues 394-657 and 356-619, respectively, fused to a C-terminal hexahistidine tag) were expressed in ArcticExpress cells at 12 °C O/N and purified as described^[@R45]^. Murine PKA WT and mutants (residues 1-351 fused to an N-terminal hexahistidine tag) were expressed in BL21 (DE3) at 18 °C O/N and purified by Ni-affinity chromatography and cation exchange chromatography as described^[@R46]^. Purified p38 was obtained from the QB3 MacroLab at UC Berkeley. Purified Her3 kinase domain was a gift from Natalia Jura and Peter Littlefield and purified EGFR was a gift from Kate Engel and John Kuriyan.

Kinase assays {#S12}
-------------

The kinase activity of selected Src mutants was measured to verify that the proteins are active, and to assess the effects of mutations on inhibition by bosutinib ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). Measurements were performed using a coupled kinase assay as described^[@R18]^, with 100 mM Tris-HCl pH 8.0, 1 mM phosphoenolpyruvate (Sigma), 0.6 mg/ml reduced NADH (Sigma), 112.5/157.5 units Pyruvate Kinase/Lactate Dehydrogenase (Sigma), 500 μM ATP, 10 mM MgCl~2~, 1 mM DTT, 0.6 mg/ml polyGlu,Tyr substrate peptide, 100 or 200 nM kinase and inhibitor in DMSO to a final DMSO concentration of 5%. The absorbance of NADH at 340 nm was monitored as a function of time using an absorbance plate reader. Under these conditions the rates were approximately constant for the first five minutes of the reactions, and were determined from a linear fit of the time-dependent absorbance.

Crystallography {#S13}
---------------

For Src kinases, a molar excess of bosutinib (Tocris Bioscience) made up in DMSO was added to the protein samples to a final concentration of \~100 μM and the protein samples were concentrated to 1 mM, diluted 10 fold with crystallization buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 2 mM DTT) and reconcentrated to 10--15 mg/ml.

Crystals were obtained in hanging drops using 0--4% PEG 3350, 0.2M Ammonium Acetate, 0.1 M Hepes pH 7.5 in the mother liquor. Crystals were cryoprotected in mother liquor plus 35% glycerol and flash frozen in liquid nitrogen. X-ray diffraction data were collected at beamline 11-1 at the Stanford Synchrotron Radiation Lightsource.

Data processing was performed with mosflm^[@R47]^ and scalepack^[@R48]^, and refinement with Phenix^[@R49]^. In the case of WT Src and the T338M/M314L mutant, all datasets collected on single crystals were incomplete, and data collected from many different crystals were studied to identify pairs that could be merged to obtain complete sets of structure factor amplitudes. In the case of the T338M/M314L mutant this led to somewhat higher R~merge~ values in the lowest resolution shell. Nonetheless, the electron density map was of excellent quality and the rotation of the bosutinib aniline ring was readily apparent in both molecules in the asymmetric unit prior to performing refinement.

The structure of WT Src was solved by molecular replacement in Phenix using a structure of Src bound to a type II inhibitor^[@R50]^ (pdb code 3G6G), from which the ligand was removed, as a search model. The activation loop was subsequently rebuilt in the active conformation in Coot^[@R51]^ prior to refinement. The final model of WT Src bound to bosutinib was used as the starting point for refinement of the A403T and T338M M314L mutants, with the same test sets used for all three structures.

The nitrile-W1 hydrogen bond length in the molecular model refined with default geometry restraints is 3.1 Å. This is slightly longer than typical nitrile-water hydrogen bonds (the average length is 2.94 Å for hydrogen bonds between a nitrile acceptor and a water OH donor observed in high resolution small-molecule crystal structures in the Cambridge Structural Database^[@R52]^). However, the electron density map showed evidence of a significant puckering of the quinoline-3-carbonitrile moiety of bosutinib, with the nitrile group tilted out of plane from the quinoline group towards W1 ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). We attempted to account for this by relaxing the geometry restraints for the quinoline and nitrile groups to varying extents prior to performing refinement. The best fit to the electron density was obtained by restraining the quinoline-3-carbonitrile moiety into three separate planes, comprising the benzene ring, the pyridine ring, and the nitrile group. This results in kinks between each group of between 5--10°. Such small out of plane distortions of aromatic systems are frequently observed and are thought to incur minimal energetic penalties^[@R53]^. In the model refined with these relaxed restraints the distance between the nitrile nitrogen atom and the W1 oxygen atom shortens to 2.9--3.0 Å ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}), demonstrating that the bosutinib-water hydrogen bond length is, in fact, typical of this chemical class of hydrogen bond.

IR spectroscopy {#S14}
---------------

Bosutinib (Tocris Bioscience) in DMSO was added to \~50 μM protein samples in IR buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 2mM DTT) to a final concentration of 100 μM bosutinib and 5% DMSO, and the samples concentrated to \~1 mM. Samples were loaded into a demountable IR cell containing sapphire windows separated by offset 75 and 100 μm Teflon spacers to avoid interference fringes in the spectra. IR Spectra were recorded on a Vertex 70 FTIR spectrometer (Bruker) equipped with a liquid nitrogen cooled indium antimonide detector and a 2000--2500 cm^−1^ bandpass filter (Spectrogon), using 2 cm^−1^ resolution, and averaged across 256 scans. Spectra were background-subtracted using the buffer flow-through from the final sample concentration step and baselined using the polynomial method in the Opus software (Bruker). For a 1 mM sample, the bosutinib nitrile stretching band had an absorbance value of \~1.5 mAU, corresponding to an extinction coefficient of \~180 M^−1^/cm^−1^, whereas the noise in the baseline was typically \~0.01 mAU. For each sample 3 spectra were recorded and baselined separately, and the peak positions calculated in Opus. The standard deviation of the peak positions for these replicates was never greater than 0.2 cm^−1^.

Fluorescence binding assay {#S15}
--------------------------

Binding measurements were performed as reported earlier, with minor modifications^[@R18]^. A dilution series of bosutinib was prepared in DMSO and added stepwise to 5 nM protein samples in fluorescence buffer (20 mM Tris pH 8.0, 2 mM DTT), to a maximum final DMSO concentration of 6%. Fluorescence emission spectra were recorded on a Perkin Elmer LS 55 spectrometer with excitation at 280 nm. Binding curves were prepared by plotting either the decrease in fluorescence emission at 340 nm or the increase in emission at 480 nm, as a function of the bosutinib concentration, with both methods giving very similar results. The 340 nm emission data were corrected for the effect of DMSO on the protein fluorescence, whereas the 480 nm data were corrected for the background fluorescence of free bosutinib. Dissociation constants were determined by fitting of the binding curves to the analytical solution to the one-to-one binding equation in Mathematica (Wolfram Research), which accounts for the effects of ligand depletion, allowing accurate determination of binding constants with values as small as 0.5 nM. When necessary to facilitate comparison the fluorescence binding curves were normalized to a maximum fluorescence of 1.

Analysis of type I kinase inhibitor structures in the Protein Databank {#S16}
----------------------------------------------------------------------

The full protein databank was searched for structures containing the "XDFGX" motif, where the backbone torsion angles φ/ψ of those five amino acids where constrained to −150/−180, 60/70, −110/0, −60/−60, and −110/0 degrees (these values are derived from our structure of WT Src bound to bosutinib). From multiple searches, a +/− 30 degree tolerance was found to be optimal, in that it gave the largest number of hits without including a significant number of non-kinase structures. Nucleotide complexes were excluded by adding an adenine ring to the search criteria, and 146 apo structures were manually excluded. Hydrogen bond lengths were determined using PyMOL. The full set of structures possessing a ligand/W1 hydrogen bond is given in a [Supplementary Data Set](#SD1){ref-type="supplementary-material"}.

Analysis of bosutinib selectivity within kinase subfamilies {#S17}
-----------------------------------------------------------

The data plotted in [Fig. 4b](#F4){ref-type="fig"} was obtained in the following manner. For each member of a given kinase subfamily with a "compatible" ATP-binding site we determined the ratio of its binding constant and the average binding constant for all incompatible members of the subfamily (i.e. kinases on the same branch of the kinome) using data from reference [@R16]. For subfamilies possessing more than one compatible kinase the average value of these ratios is plotted. Specifically, the kinases included were: 1) CSK versus CTK, 2) BTK, TEC, TXK and BMX versus ITK, 3) EPHA2-5, EPHA8, EPHB1-4 versus EPHA6 (while EPHA7 is also incompatible its binding was too weak to be measurable), 4) DDR1-2 versus TRKA-C, 5) PDGFRa-b, CSF1R, KIT versus FLT3, TIE1-2, 6) HER3 versus EGFR, HER2, HER4, 7) ZAK versus LZK, DLK, MLK1,MLK3, 8) MEK5 versus MEK1-6, MKK7, 9) SIK2, SIK and QSK versus SNARK, ARK5, MARK1-4, AMPK-alpha1, 10) NEK11 versus NEK1-9, 11) GAK versus BMP2K, AAK1.
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**Accession codes**

PDB: The coordinates and structure factors for the structures of bosutinib bound to WT Src, Src A403T and Src T338M/M314L have been deposited in the protein databank under accession codes 4MXO, 4MXX and 4MXZ, respectively.

![The structure of bosutinib bound to Src shows the drug participates in a water-mediated hydrogen bond network\
(**a**) Overview of the structure of bosutinib bound to Src, with the DFG motif and helix αC of Src colored yellow, and the drug shown as semi-transparent yellow spheres. The approximate path of the C-terminal portion of the activation loop, which is disordered in the structure, is shown as a dotted gray line. The P-loop is omitted for clarity. The chemical structure of bosutinib is shown underneath the x-ray structure. (**b**) Comparison of the structures of bosutinib bound to Src (yellow) and Abl (blue). The aniline ring of bosutinib, which forms one side of the water-filled cavity, is omitted for clarity. (**c**) View of the water-mediated hydrogen bond network, with hydrogen bonds shown as dashed yellow lines. The blue mesh represents a simulated annealing omit map contoured at 3 standard deviations above the mean electron density. (**d**) Structural alignment of 10 structures of kinases bound to a diverse set of type I inhibitors, in which both water molecules are observed and the ligand engages W1 in a hydrogen bond. The angular distribution of the ligand/water hydrogen bonds is represented schematically in yellow. The space occupied by the gatekeeper sidechains is shown as a gray surface.](nihms531483f1){#F1}

![Substitutions of the cavity-lining residues modulate bosutinib's engagement in the hydrogen bond network and affect binding\
(**a**) IR spectra of bosutinib bound to wildtype Src (yellow) and 8 gatekeeper mutants (black, gray and orange). (**b**) IR spectra of bosutinib bound to wildtype Src (yellow) and mutants of Src bearing substitutions at position 403 (black and gray). (**c**) Comparison of WT Src and the T338M/M314L mutant bound to bosutinib. For the mutant, the aniline ring of bosutinib is highlighted as transparent spheres, and the methionine gatekeeper sidechain as dots. The positions of W1 and W2 in the structure of WT Src are shown as yellow spheres. The inset shows fluorescence data for bosutinib binding to WT Src and Src T338M/M314L. (**d**) Comparison of WT Src and the A403T mutant bound to bosutinib. The sidechain of residue 403 in the mutant is show as a surface representation. The inset shows fluorescence data for bosutinib binding to WT Src and the A403T mutant. (**e**) Plot of the logarithm of the dissociation constant of bosutinib (in molar units) as a function of the nitrile stretch frequency for 34 Src mutants. Mutants in which the bosutinib nitrile is thought to be hydrogen bonded are highlighted by a blue box, mutants in which the hydrogen bond is lost are highlighted by a red box. The mean value of the dissociation constants for the red and blue sets are shown on the plot as thick red and blue lines, respectively.](nihms531483f2){#F2}

![The probe environment is determined exclusively by the residues that comprise the water-filled cavity\
(**a**) Surface representation of the amino acids that line the water-filled cavity. T338 and A403 are colored red, the other two positions mutated in this study are colored blue, and conserved catalytic residues are shown in gray. The two water molecules are shown as black spheres, the quinoline-3-carbonitrile moiety of bosutinib is shown as yellow sticks, and the hydrogen bond between the nitrile group of the drug and W1 is shown as a dashed yellow line. (**b--d**) IR spectra of bosutinib bound to WT Src (yellow) and p38 (**b**, green), EGFR (**c**, blue), PKA (**d**, red) and Src mutants bearing mutations that convert the cavity residues to those of the other kinases (dotted black lines). The IR spectrum of bosutinib bound to a triple mutant of PKA, in which the cavity residues are converted to those found in Src, is shown as a solid black line in **d**. Surface representations of the ATP-binding site, in which the positions of relevant substitutions are highlighted by thick black lines, are shown above the IR spectra.](nihms531483f3){#F3}

![The impact of the water-mediated hydrogen bond network underlies the selectivity profile of bosutinib\
(**a**) Representation of the phylogenetic tree of the human kinome in which kinases with ATP-binding sites that are not compatible with bosutinib's participation in the hydrogen bond network are shaded gray (referred to here as incompatible kinases, in contrast to kinases with compatible ATP-binding sites). Compatible kinases that are also in the top 30 bosutinib binders reported in reference [@R16] are shown in red, and compatible kinases that at least bind considerably better than their incompatible family members, are shown in light red. The dark gray circles represent incompatible kinases that nonetheless bind bosutinib tightly. (**b**) Bosutinib's preference for compatible kinases within 11 kinase subfamilies is shown as the log of the ratio of the binding constants of compatible and incompatible family members (see Online Methods). (**c**) Enlarged view of the phylogenetic tree showing the TEC family, with IR spectra of bosutinib bound to Btk and Itk. The same coloring scheme is used as in **a**. (**d**) Enlarged view of the phylogenetic tree showing the EGFR family, with IR spectra of bosutinib bound to EGFR and Her3. The same coloring scheme is used as in **a**. The phylogenetic tree of the human kinome is reproduced with permission from Cell Signaling Technologies.](nihms531483f4){#F4}
